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ABSTRACT

In the course of systematic analysis of protein sequences
containing the purine NTP-binding motif, & new superfamily was
delineated which included 25 established or putative helicaseas
of Escherichia coli, yeast, insects, mammals, pox- and
herpesviruses, a yeast mitochondrial plasmid and three groups
of positive strand RNA viruses. These proteins contained 7
distinct highly conserved segments two of which corresponded to
the "A" and "B" sites of the NTP-binding motif. Typical of the
new superfamily was an abridged consensaus for the A" site,
GXGKS/T, instead of the classical G/AxxxxGKS/T. Secondary
atructure predictions indicated that each of the conserved
segments might constitute a separate structural unit centering
at a A-turn. All previously characterized mutations impairing
the function of the yeast helicase RAD3 in DNA repair mapped to
one of the conserved segments. A degree of similarity was
revealed between the consensus pattern of conserved amino acid
residues derived for the new superfamily and that of anocther
recently described protein superfamily including a different
set of prokaryotic, eukaryotic and viral (putative) helicases.

INTROQDUCTION

Nolecular machineries utilized by cells and viruses for
genome replication, recombination and repair, transcription and
aRNA translation are replete with DNA- and RNA-dependent
NTPases, at least some of which possess helicase activity, i.e.
ability to promote DNA, RNA or DNA-RNA duplex unwinding (1-3).
Most of these NTPases contain a common sequence motif
consisting of two separate units (x, any residue; hy,
hydrophobic residue): G/AxxxxGKS/T ("A site") and (3hy, 2x> D
("B* site). This motif is conserved not only in (putative)
helicases but in a vast class of purine NTP-ulilizing enzymes
(4-6). Where X-ray data have been reported, it was shown that
each site of the NTP-binding motif comprised a distinct
structural unit of the A-strand- A-turn- o -helix type (the "B"
site sometimes lacking the o ~helix) directly involved in NTP
binding (7-10)>.

Recently, we, and independently Hodgman, delineated, by
sequence comparison, a superfamily of (putative) DNA and RNA
helicases including E.coli proteins uvrD, rep, recB and recD,
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yeast helicase PIF, and proteins involved in herpesvirus DNA
and positive strand RNA virus RNA replication (11-13).
Subsequently, several groups described a set of rather closely
related (putative) RNA helicases (14-19) which was christened
‘D-E-A-D’ family, after the sequence conserved in the ‘B’ aite
of the NTP-binding motif (19). It was suggested that this
family might constitute a subdivision within the above
superfamily (17-20)>.

Here, we show that the ’D-E-A-D’ family is in fact a subset
of another distinct superfamily of (putative) helicases which,
just like the first one, includes proteins of E.coli,
eukaryotes, and DNA and RNA viruses. A distant but significant
relationship could be eatablished between the two superfamilies.

METHODS
Amino acid seguences

Amino acid sequences compared were those of CI proteins of
potyviruses: tobacco vein mottling virus (TVMV) and tobacco
etch virus (TEV); NS3 proteins of flaviviruses: yellow fever
virus (YFV), Weast Nile virus (WNV), Dengue virus types 2 (DEN2)
and 4 (DEN4), Japanese encephalitis virus (JEV), Kunjin virus
(KUN)>; polyprotein of bovine viral diarrhea virus (BVDV, a
peativirus); NTPases I (ORF 11 of the HindIII D fragment of
genomic DNA) and II (ORF 6 of the same fragment) of vaccinia
virus (VV, a poxvirus); ORF 4 of Kluyveromyces lactis
mitochondrial plasmid pGKL2 (K2); herpesviruas proteins: gene 51
product (gpS1) of varicella-zoster virus (VZV) and UL9 protein
of herpes simplex virus type 1 (HSV); murine proteins p68 and
PL10; human translation initiation factor 4A (eIF-4AI1,II);
Drosophila melanogaster protein VASA; Escherichia coli proteins
SrmB, recQ and uvrB; Saccharomyces cerevisiae proteins
Tifl/Tif2 (translation initiation factor; Tif), MSS116 and
RAD3. Sequences were from current literature; references are
indicated in Fig.1A.

n

Amino acid sequences were compared by programs DIAGON (21)
and OPTAL (22, 23), using the amino acid residue comparison
matrix MDMN78 (24). The program OPTAL, based on the Sankoff
algorithm (25), performs optimal alignment of multiple amino
acid sequences and its statistical evaluation by a Monte Carlo
procedure. The significance of the obtained alignment is
assessed by calculation of alignment score (AS):
AS=3°0-3r¥/ G where SO is the score obtained
upon alignment of real sequences, ST is the mean score
for 25 random permutations of the same sequencea, and G is the
standard deviation (SD). AS is expressed as the number of SD
above the mean. The final alignment of 25 protein sequences was
generated by combining several pairwise and group alignments,
using also results of DIAGON comparisons and visual inspection.
To assess the statistical significance of the alignment thus
obtained, approximate probability of the observed similarity
between two protein sequences being fortuitous was calculated as

i=n
P=1y=12# |pj.
i=1
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B BVDV Ia  RVLVLIPIRAAA
DEN2 Ia  RTLILaPTRVVA
rec@ Ia 1TVVVSPLIsLM

BVDV IV NMLV#VPTRnMA
WNV IV KTVW§VPSVKME
RAD3 IV qMVVE§PSYLVN

TNV 111 KIIKVSATPpGBr
BVDV III RVVaMTATPABS
uvrB 111 QGTIVVSATPBny

TVMV V KkhFIVATnlle
BVDV V spyVIVATnAle
pe8 vV KapILIATdVAS

Fig.l. (A) Alignment of conserved regions of (putative)
helicases of the new superfamily.

Abbreviations of viruses stand for respective proteins (see
Methods), and VV1 and VV2 for NTPases I and II of VV,
respactively. CONS1-8,11-19,20-22 are consensus amino acid
residue patterns for the ’D-E-A-D’ family (entries 1-8), the
family of RNA viral proteins (entries 11-19), and that of DNA
viral/plasmid proteins (entries 20-22). CONS is the joint
consensus derived as the overlap of the three patterns. +
hydrophobic residues (I,L,V,M,F,Y,W); o, charged or polar
residues (S,T,D,E,N,Q,K,R). Where single symbols are
indicated, one exception was allowed. For positions where two
residues were observed, only pairs of similar residues were
included in the consensus patterns. Residues belonging to one
of the following groups were counted as similar: L,V,I,N; G,A;
§,T; K,R; D,E,N,Q; F,Y,W. Residues having no identical or
similar matches in sequences of other families or individual
proteins outside the families are shown in lower case. Dashes
designate gaps introduced for optimal alignment. The numbers of
amino acid residues in terminal regions of all proteins and in
inserts available in some of the proteins are indicated.
Question marks indicate that precise diastances to the protein
termini are unknown. For BVDV, polyprotein fragment from
reaidue 1898 to 2223 is shown. The alignment of the ‘D-E-A-D’
proteins was from (19), with minor modifications. The residue
numbering above the alignment is arbitrary, beginning from the
first aligned residue. Conserved segments are numbered I to VI.
Asterisks denote residues used for atatistical analysis. Where
gaps were introduced into conserved segments, those segments of
the respective sequences were omitted from calculations.
Secondary structure prediction: a, O-helix; b, ﬂ-strend; t,
-turn; ?, prediction ambigous. Sites of amino acid
subatitutions in RAD3 (see text) are underlined. Arrows
indicate insertions of 3 and 2 residues in segment V of RAD3.
Source references are in parentheses preceding each of the
aligned sequences.

(B) Alignment of selected sequence stretches froa different
conserved segments of the proteins of the new superfamily.
Amino acid residues having identicsl or similar counterparts in
‘heterclogous’ segments are shown in upper case.
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Here, 11 and 12 are the lengths of the two compared

sequences, and pji are double matching probabilities

calculated for each of n conserved segments aligned without
gaps, using the algorithm of McLachlan (26). To obtain the
upper limit estimate for P, it was accepted

11=12=1000 which is sowewhat above the maximal

length of the compared proteins, and the spacing of the
conserved segments was not taken into account. The program
DIAGON was written in the C programming language and run on a
WicatS150 computer. The program OPTAL was written in FORTRAN 77
and run on IBM PC AT. Secondary structure prediction was by the
Chou and Fasman method (27).

RESULTS AND DISCUSSION

Sequence comparison of NTP-binding motif containing
proteins revealed several distinct families {(5,6,12,13,23,28),
and manuscript in preparationl. For two of such families, one
including putative NTP-binding domains of replicative proteins
of three groups of positive strand RNA viruses, and the other
NTPases of vaccinia virus and a yeast mitochondrial
plasmid-encoded protein, consensus patterns of conserved amino
acid residues resembling that of the ’D-E-A-D’ family were
derived. The sequences of the three families were aligned sc as
to maximize the overlap between these patterns. This allowed
delineation of 7 conserved segments (Fig.1A). Most striking was
the similarity between the ’D-E-A-D’ family and RNA viral
proteins confirmed by pairwise alignments some of which yielded
high AS values (e.g. app. 7 SD for CI protein of TEV vs.
eIF-4AI). All available sequences of other NTP-binding
motif-containing proteins (6, and manuscript in preparation)
were screened for complete or partial correspondence to the
Joint consensus pattern derived upon comparison of the three
families. As the result, a set of 25 proteins was delineated
(Fig.1A). E.coli protein rec@ displayed an unexpectedly high
similarity to the “D-E-A-D’ family, with AS of app. 11 SD for
comparisons with eIF-4A and p68 sequences. High local
similarities were also observed between this family and uvrB,
despite two insertions in the latter protein. For two
herpesvirus proteins and yeast helicase RAD3, more modest
segmental similarities were observed, the spacer lengths
between the 7 conserved segments varying significantly (Fig.1A).

The significance of the final alignment was assessed by
calculating the probability of simultanecus chance occurence of
all 7 segments for each peir of sequences as described under
Methods. These calculations showed that all aligned proteins
were linked into a single network by highly significant
matches, with the possible exception of RAD3 (Fig.2). However,
numerous data on mutageneasis of this protein are available (see
below), corroborating our identification of segments important
for its function.

The final alignment contained 6 inveriant amino acid
residues distributed among 7 conserved segments (Fig.1A). Of
these residues, 2 were observed in segment I, 2 in segment II,
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CELLULAR

Fig.2. A schematic representation of the relationahips between
the members of the new superfamily of (putative) helicases.
Squares enclose proteins of similar origin (cellular, RNA viral
and DNA viral). Names of virus groups (flavi, poty, pesti and
herpes) enclosed into small circles stand for respective asets
of closely related proteins. The large circles link proteins
constituting groups delineated by sequence comparison
(probability of chance similarity P<10-9). The diameters

of these circles are in approximate reverse proportion to the
degree of similarity between the members of each group. Solid
straight lines indicate significant connections between the
groups (P<10-7). Of the ‘D-E-A-D’ family, only the

sequences of eIF-4AI and p6é8 were used for calculations. For
any two groups only one best connection is shown. Dashed lines
correspond to 10-3¢P<10-5,

and 2 in segment VI. Segment I corresponded to the "A* site of
the NTP-binding motif. The N-terminel G/A fixed in the "A"
consensus was replaced by a bulky residue in 12 proteins of the
new superfamily (position 8 in Fig.1A). Another G residue was
conserved in position 10, presumbly maintaining the flexible
loop conformation typical of this site (7-10). Segment II
corresponded to the “B" site of the NTP-binding motif thought
to interact with the Mg2* cation of Mg-NTP through the
conserved D residue (7-10). Segment VI, the 3rd most conserved

4723



Nucleic Acids Research

PVX p26
1BV
recD
PIF
VIV gp55
recB _
L. = N\ S
1.0 1+ 66K IR ] R! 5o % +R
0.9 1 + G 6K | + i++44DE | + 6D Q! o R! Go V+ +R
0.8 i++ B 6 BK | + o !+++DE I+ ¢+ -6D Q! oRI T 0@ o V +iVA+ R oo!
0.7 i+ 6 6 GK ! + ooi+++DE i+++ -6GD Q! o Ri +T+ 0 Q6 0 o V +!VA+ R oo!
0.6 14+ 6 6 BKSI ++ 001 +44DE  +++--6D oQ@! + oo Ri++T+ o QG+o ooV +iVA+ R oo!
0.5 i++ G AGSGKS! +++ o0o0!+++DE o!+++--6DPoQ@! +000 Ri++T+ 0SQG+o+ooV +!VA+TR oo}
0.4 (++ G+ABSGKS!++++0Po0!+++DE o!+++--GDPo@! +000 Ri++T+ 0SQ@G+p+ooV +!VA+TRAcO!
R I P S I O DA I T RS I O S A I ] SRR E I O A
0.4 1++ A OGOGKT!+++LAPTRI+++DEAH!++++SATPPG!++F+o0+0!+ To++ooB+o+ o0+o !QR+GR+GR!
0.5 i++ 0GOGKT! ++LAPTR!+++DEAH!++++SATPP !++F+pootoi+ To++ooB+o+ o+o !QR+GR GR!
0.6 14+ 6 BKT! ++L PTRI+++DEA | +++SAT P !++F+ o 0!+ To+ ooB+o+ o+to !QR+6R GR!
0.7 i++ 6 GKT! ++L P RI+++¢DER | +++ AT {#+F+ o ol+ To+ G+ot oto !Q +GR R!
0.8 i+ 6 B6KT! ++4L P 1++44DE | + + AT 144¢F o0 oi+ To+ 6 ot oo ! GR R!
0.9 1+ G GKT! ++ t++44DE | + + AT | 0o o0i+ o G o+t o ! GR R!
1.0} 6 6K ! j444DE )+ + T ) o1+ o+ g 6R |
¢ = -~ — i/
RAD3 f%*_t _________ ::j::is;____ia__ ‘;3‘4« ______
UVRB RN N :__g{’f____
i ‘\z:?\i_ ¥ 4—’jfjjfffff;;‘; I _________
Vv gpst TSOOSSIINY N
N, X, X -
elF-44 ____I_ . J _I___
s E S —
N TR S S § 6 S {' Nv\w
200 residues
(B)

HEL POL
POTEX #RE____$8$_
TOBAMO . "e_____ £ 24
TYNO . “"e______ $$8__
FWRO “we____ $$8__
ALPHA 12 $$$__
POTY e ___ $$$__
FLAVL S [ 11 2 $$8$
PESTI (111} $$$

4724



Nucleic Acids Research

segrent in the proteins of the new superfamily, might be a
special kind of nucleic acid binding site, provided the
abundance of positively charged residues. A similar motif has
recently been implicated in RNA binding in several nuclear
proteins (29). A correlation between the conserved patterns of
segments II and VI might be of interest. In segment II, most
proteins of the superfamily outside the ’‘DEAD’ family had the
signature “DExH’. In segment VI, the signature of the ‘DEAD’
fanily was “HxxXGRxxR’, and that of other proteina ’‘QxxGRxxR’,
suggesting a sort of compensation. Sequence motifs revealed in
segments Ia and II1 to V were less strictly conserved, and only
degenerate forms of some of them could be identified in certain
proteins (Fig.1A). A degree of similarity could be revealed
between different segments, suggesting they might be considered
imperfect repeats (Fig.1B).

: Secondary structure predictions indicated that each of the
conserved segments centered at a A-turn usually flanked from

Fig.3. Comparison of the proteins constituting the two
(putative) helicase superfamilies.

(A) Correspondence between the conserved amino acid residue
patterns of SF1 (upper) and SF2 (lower). Additional
abbreviations: PVX, potato virus X (a potexvirus); IBV,
infectious bronchitis virus (a coronavirus); PIF, a yeast
mitochondrial helicase. For SF1, the data are from an updated
version of the published alignment (13), and for SF2 from the
alignment shown in Fig.1A. Asterisks designate conserved
segments numbered as in Fig.l1l. Their positioning in the
proteins designated by dashed horizontal lines is shown to
scale. For each superfamily, a representative sampling was
generated including proteins of different origin (i.e. RNA
viral, DNA viral, prokaryotic and eukaryotic) to show the
entire length span of the spacers separating the conserved
segments. The boundaries of the IBV protein were predicted from
the analysis of putative cleavage sites (A.E.G. et al.,
submitted). £, approximate frequency of the consensus
residuea. The designation system for the consensus patterns is
from (66), with modifications. Colons highlight complete
correspondence between the two consensus patterns, and dots
partial correspondence. Other designations are as in Fig.1A.
(B) Location of the putative helicase domains of the two
superfamilies in multidomain proteins of poaitive strand RNA
viruses.

Nultidomain proteins (dashed lines) and the conserved regions
of the putative helicases (HEL) and of the RNA polymerases
(POL) are shown to scale. For tobamo-, alpha- and potyviruses,
more detailed schemes have been published (23). For
potexviruses, the data are from (67,68), for tymoviruses from
(69), for flaviviruses from (54-59), and for pestiviruses from
(70). For potex- and furovirusese having each two putative
helicases, only those embodied in multidomain proteins are
shown.

4725



Nucleic Acids Research

the N-side by a A-strand, and only in segment VI by an o
~helix (Fig.1A).
Implicetions for protein functions

The sequence, and presumably structural, similarity
between the proteins of the new superfamily suggests they
should be similar to some extent alsc functionally. The best
gueass is that their common activity might be that of a nucleic
acid-dependent NTPase, possibly a helicase. This had been
documented for only a few proteins, but what ia known of the
functions of the others supports to some extent, or at least
does not contradict this proposal. RNA helicase activity has
been revealed in p68 (14), SrmB (16) and eIF-4A (30). RAD3 is a
DNA helicase involved in yeaat DNA repair, and possibly
replication (31,32). UvrB is a subunit of uvrAB helicase (33)
displaying, under certain conditions, ATPase activity (34).

DNA-dependent ATPase activity was described for the two
vaccinia proteins (35,36). RecQ is a component of the recF
recombination pathway in E.coli whose specific activity is
unknown (37). UL9 protein of HSV specifically binds to the
virus DNA replication origin (38). RNA viral proteins are
poorly studied but for flavivirus NS3 involvement in RNA

replication is strongly suggested (39). A survey of spontaneous
and artificial mutants of RAD3 (32,40-42) showed that all the
numerocus mutations impairing its activity in excision DNA
repair and/or its essential function fell exactly within the
conserved segments I to V identified here (Fig.1A). This lends
strong support for the involvement of these segments in the
helicase function of RAD3 and, by implication, of other
proteins of the new superfamily.

It was of interest to compare the pattern of conserved
structural elements of the putative helicase superfamily
described here (hereafter SF2) with that of the superfamily
identified previously (SF1). Proteins of both groups have 7
conserved segments of which most are probably similar at the
level of secondary structure (cf.13 and Fig.1A). Superposition
of these segments revealed a number of coincidences beyond the
NTP-binding motif proper, particularly in segments I, II, V and
VI. For other segments which were more variable within each
superfamily, the similarity was not that obviocus (Fig.3A). The
lengths of spacers separating the conserved segments in the
proteins of the two superfamilies overlapped in each case
(Fig.3A). Interestingly, the putative NTPases of both
superfamilies occupied similar locations in multidomain
proteins of positive strand RNA viruses relative to conserved
RNA polymerase domains (Fig.3B). Taken together, it could be
concluded that the two superfamilies were distinct but
distantly related.

Previously, the correspondence between segments I,Ila
(18,43), II, V and VI (18) has already been established for
some of the proteins now included into SF1 and SF2. In other
works, superpositions which are now to be regarded as partially
erratic have been presented (17,20,44). Presumably, this could
be due to scant representation of SF2.
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CONCLUDING REMARKS
Hopefully, identification of the two (putative) helicase

superfamilies and demonstration of a distant relationship
between them may initiate formation of a conceptual framework
for further studies of these important enzymes. There are
several well characterized helicases which could not be
included neither in SF1 nor in SF2 (unpublished observations).
These include SV40 T antigen (45) whose sequence is related to
those of NS1 proteins of parvoviruses (28), E.coli proteins
recA (46), dnaB (47) and rho (48>, and some otheras. Thus,
conservation of the sequence motifs typical of SF1 and/or SF2
is not obligatory for a helicase. Revelation of functional
constraints leading to this conservation is a tantalizing goal
for future studies.
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